distinct from that generated by ER stress. However, all three agents impaired insulin receptor substrate-1 and Akt phosphorylation in the insulin signaling pathway. Ectopic overexpression of mitochondrial transcription factor A reversed the effects of thapsigargin on mitochondria and Akt signaling. We conclude that ER stress induces neuronal cell death through common perturbation of mitochondrial function and Akt signaling.
Introduction
The endoplasmic reticulum (ER) is a multifunctional organelle responsible for protein folding and modification, lipid synthesis, Ca 2+ homeostasis, and secretory protein trafficking in eukaryotic cells. A variety of pathophysiological insults induce stress in the ER by perturbing its normal function or structure. For instance, thapsigargin (Thap) disrupts intracellular Ca 2+ homeostasis by inhibiting sarco/ER-associated Ca 2+ -ATPase (SERCA). Tunicamycin (Tuni) prevents proper protein folding by inhibiting N-linked protein glycosylation [1, 2] . Both of these agents cause an accumulation of unfolded and misfolded proteins in the ER and trigger signaling pathways associated with the 'unfolded protein response' (UPR) [3] .
The UPR arrests protein synthesis and removes any aberrant protein that has accumulated so that normal ER function can quickly be restored [4] . The UPR is coordinately regulated by three proximal sensors, inositol-requiring enzyme 1 (IRE-1), PKR-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6), which are involved in the halting of translation, ER-associated degradation, and transcriptional upregulation of ER chaperone proteins such as glucose-regulated protein 78 kDa (GRP78), respectively. Activation of IRE-1 leads to cleavage and splicing of an intron within X-box binding protein-1 (XBP-1) to produce spliced XBP-1 (sXBP-1), a bZIP transcription factor that translocates to the nucleus and regulates the expression of genes involved in ER-associated degradation and molecular chaperones. The chaperone GRP78, also known as BiP, protects cells from toxicity due to misfolded proteins by blocking ER stress signals and maintaining the function and integrity of this organelle [5] . Based on these critical roles, GRP78 and sXBP-1 serve as ER stress markers. However, prolonged UPR activation or failure to attenuate ER stress can lead to apoptotic cell death and subsequent tissue dysfunction [6, 7] . These outcomes have been linked to a wide range of age-associated degenerative diseases, including neurodegenerative disorders, cancer, diabetes and fatty liver disease [8, 9] .
Another essential organelle is the mitochondrion, which participates in numerous metabolic reactions, provides the majority of the cellular energy via oxidative phosphorylation, and plays a key role in Ca 2+ signaling, apoptosis and aging. Mitochondrial dysfunction has also been associated with a diverse range of diseases [10] , many of which are also caused by ER stress. In particular, neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD) exhibit features of mitochondrial damage [11] as well as accumulation and aggregation of misfolded proteins [5, 12, 13] . Aggregation of amyloid beta (A ␤ ), ␣ -synuclein, and huntingtin deposits in the brain are hallmarks of AD, PD, and HD, respectively. These deposits lead to UPR, which induces mitochondrial cytochrome c release and the initiation of neuronal cell death. However, A ␤ , ␣ -synuclein, and huntingtin are localized in mitochondria, where they may directly damage mitochondrial function. The ER and mitochondria are located adjacent to each other within the cell and modulate Ca 2+ signaling together; therefore, it is likely that communication exists between these organelles [14] . In fact, several proteins at the ER-mitochondria interface have been reported to regulate Ca 2+ signaling [15, 16] . However, the molecular mechanism underlying communication between the ER and mitochondria has yet to be elucidated. Insulin signaling regulates several functions in the brain, including glucose homeostasis, memory formation, and neuronal development [17] . Blockade of insulin signaling has been linked to AD and PD [18] [19] [20] . Insulin mediates its effects by inducing sequential phosphorylations of insulin receptor and insulin receptor substrate (IRS). IRS-1 possesses sites of tyrosine and serine phosphorylation that induce opposing effects on the insulin signaling pathway. In particular, tyrosine phosphorylation (Y632) stimulates phosphoinositide-dependent kinase and activation of its downstream effectors, PI3K and Akt [21] . Meanwhile, serine phosphorylation at position 307 or 794 regulates PI3K/Akt signaling negatively and contributes to the development of insulin resistance [22, 23] . Moreover, depending on the tissue, phosphorylation of Akt at T308 or S473 mediates cell survival or insulin anabolic functions such as glucose transport [24, 25] and lipogenesis [26, 27] .
Although neurodegenerative diseases have been linked to insulin signaling, ER stress and mitochondrial dysfunction, the relationship between these facets has not been clearly demonstrated. In this study, we investigated the molecular crosstalk between ER stress and mitochondrial dysfunction in neuronal cells using microarray analysis. ER stress was induced in SH-SY5Y human neuroblastoma cells by treatment with Thap or Tuni, while mitochondrial stress was produced by treatment with atrazine (ATZ), a triazine-based herbicide. Previously, we have shown that ATZ inhibits mitochondrial oxidative phosphorylation (OXPHOS) at the Coenzyme Q site and induces mitochondrial dysfunction [28] . By comparing the effects of these three chemicals on mitochondrial function and insulin signaling, we demonstrated that two ER stressors induced neuronal cell apoptosis through impairment of both mitochondrial function and insulin signal transduction.
Materials and Methods
Cell Culture and Transient Transfection SH-SY5Y human neuroblastoma cells were cultured in Dulbecco's modified Eagle medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 g/ml streptomycin at 37 ° C/5% CO 2 . The cells were cultured in 60-mm or 96-well plates for 48 h followed by incubation in serumdeficient media (SFM, DMEM/F12 containing 0.5% FBS) for 16 h. The cells were then treated with the control vehicle dimethyl sulfoxide (DMSO), thapsigargin (1-2 g/ml, Sigma-Aldrich, St. Louis, Mo., USA), tunicamycin (1-2 g/ml, Sigma-Aldrich), or atrazine (50-100 g/ml, Dr. Ehrenstorfer GmbH, Augsberg, Germany) for 24 h before harvesting. Expression plasmids (1 g/ml), pcDNA3.1-human TFAM (pTFAM) [29] or pcDNA3.1-NRF-1 (pNRF-1) [30] were transfected into 50% confluent SH-SY5Y cells seeded onto 24-well plates using SuperFect Transfection Reagent (Qiagen, Hilden, Germany). The pcDNA3.1 vector was used as a negative control in mock transfections. Transfected cells were maintained for 24 h in fresh complete media (CM, DMEM/F12 containing 10% FBS), cultured for another 16 h in SFM, and then treated with thapsigargin (1 g/ml) for 24 h before use in assays examining mitochondrial function or Western blotting.
Methyl Thiazol Tetrazolium Assay
The methyl thiazol tetrazolium (MTT) assay measures mitochondrial dehydrogenase activity in live cells. SH-SY5Y cells (2.5 ! 10 4 cells/well) were plated onto 96-well plates in SFM and treated with Thap, Tuni or ATZ for 24 h and then further incubated with 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma-Aldrich) solution (0.2 mg/ml MTT in PBS) for 4 h. The MTT formazan precipitates formed by the live cells were dissolved in 100 l of 0.04 N HCl/isopropanol. The absorbance at 540 nm was measured using an enzyme-linked immunosorbent assay (ELISA) microplate reader (Molecular Devices, Sunnyvale, Calif., USA) [31] .
Calcein Viability Assay Cells (2.5 ! 10 4 cells/well) were cultured in black 96-well plates in phenol red-free CM for 24 h. The cells were then incubated for 16 h in phenol red-free SFM, after which they were incubated with 0.5 M Calcein AM (Molecular Probes, Eugene, Oreg., USA) in DMSO at 37 ° C for 1 h. The media was replaced with 100 l DPBS and the fluorescence intensity was measured using a fluorescence plate reader (Victor, Perkin Elmer, Waltham, Mass., USA) at 485 nm (excitation) and 535 nm (emission). Fluorescence intensity was normalized by protein concentration.
Apoptosis Assays
Apoptotic cell death was measured using the Cell Death Detection ELISA kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. This kit provides a photometric enzyme immunoassay for in vitro determination of cytoplasmic histone-associated DNA fragments after cell death induction.
To assess DNA fragmentation of cellular genomic DNA, cells cultured in 60-mm dishes were treated with Thap, Tuni or ATZ for 24 h and harvested with lysis buffer (10 m M Tris-HCl, pH 7.8, 5 m M EDTA, pH 8.0, 0.5% w/v SDS, and 50 g/ml proteinase K) overnight. Genomic DNA was extracted as described previously [31] , analyzed on 2% agarose gels, and stained with SYBR Green I nucleic acid stain (Molecular Probes).
Intracellular ATP Content
Intracellular ATP content was measured using the luciferinluciferase reaction with ATP bioluminescent somatic cell assay kit (Sigma-Aldrich) according to the manufacturer's instructions. Briefly, 100 l of cell lysate was mixed with 100 l of the luciferinluciferase reaction buffer and incubated at 20 ° C for 10 min. Luminescence was measured with an LB 9501 Lumat luminometer (Berthold, Germany). Background luminescence in control wells containing medium without cells was subtracted from experimental samples. The amount of ATP content was normalized to protein concentration. All data are presented as a percent of control after background subtraction.
Endogenous Cellular Oxygen Consumption Rate
Endogenous cellular respiration was measured using the Oxygraph-2K (Oroboros, Innsbruck, Austria) as described previously [32] . Measurements were performed using 6 ! 10 6 cells. After a basal (coupled) respiration rate was obtained, uncoupled respiration was measured by adding 1 M carbonyl cyanide p -trifluoromethoxyphenylhydrazone (FCCP). To measure the state 2 (resting complex I-supported respiration) and state 3 (maximal mitochondrial respiration) respiration rates, cells (6 ! 10 6 ) in respiration media were permeabilized with 10 g/ml digitonin in the Oxygraph-2K chamber. State 2 (-ADP) and state 3 oxygen consumption rate (OCR) (+ADP) were determined by serial addition of substrates (10 m M pyruvate and 4 m M malate) and 1.5 m M ADP, respectively. The OCR was normalized by protein concentration (pmol/s/mg protein) and expressed as a percentage of control.
Assays for Mitochondrial Membrane Potential and Reactive Oxygen Species
Mitochondrial membrane potential was measured using tetramethylrhodamine ethylester (TMRE, Molecular Probes). Cells cultured in black 96-well plates were incubated at 37 ° C for 30 min with 200 n M TMRE and 0.5 M Hoechst 33342 in phenol red-free SFM. Similarly, reactive oxygen species (ROS) generation was measured using 5,6-chlo romethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA, Molecular Probes). The cells were incubated with 1 M CM-H 2 DCFDA and 0.5 M Hoechst 33342 at 37 ° C for 1 h. The fluorescence intensities at 550/580 nm for TMRE or 485/535 nm for dichlorofluorescein diacetate (DCF-DA) were normalized by Hoechst intensity at 355/460 nm.
Detection of Protein Oxidation
Immunodetection of oxidized proteins was performed using the OxyBlot protein oxidation detection kit (Chemicon International, Temecula, Calif., USA) [33] . The 2,4-dinitrophenylhydrazine (DNPH)-treated samples were mixed with an equal volume of sodium dodecyl sulfate sample buffer and resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The DNPH-derivatized carbonyl proteins were transferred onto polyvinylidene fluoride membranes and detected using an anti-DNPH antibody and enhanced chemiluminescence similar to Western blotting. To confirm equal loading of proteins, the membrane was probed by Western blot using an anti-␤ -actin antibody (1: 10,000, Sigma).
RNA Isolation and Semiquantitative RT-PCR
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, Calif., USA) and then subjected to microarray analysis and semiquantitative RT-PCR. The semiquantitative RT-PCR was performed at cycles the PCR products did not reach saturation levels, as previously described [32] . The mitochondria-related genes include the genes for 13 mitochondrial DNA (mtDNA)-en-coded subunits, nDNA-encoded OXPHOS subunits and mitochondrial biogenesis controlling proteins. The general PCR conditions were 10 min at 95 ° C, 30 cycles of 30 s at 95 ° C and 30 s at 60 ° C (annealing temperature), and 30 s at 72 ° C. The PCR products were analyzed on 1.2% agarose gel and quantified by densitometry. The mRNA levels were normalized to that of 18S rRNA. RT-PCR primer sequences are provided in table 1 .
Microarray Analysis
Microarray analysis was performed in triplicate using the Illumina Sentrix HumanRef-8 Expression BeadChip (24K) according to the Illumina Bead Array Technical Manual. Briefly, cDNA was synthesized from 500 ng total RNA, and then an amplification/labeling step (in vitro transcription) using the Illumina TotalPrep RNA amplification kit (Ambion, Inc., Austin, Tex., USA) N DUFA6 = NADH dehydrogenase-1-alpha subcomplex subunit 6; NDUFB9 = NADH dehydrogenase-1-beta subcomplex 9; SDHA = succinate dehydrogenase complex subunit A; SDHC = succinate dehydrogenase complex subunit C; UQCRB = ubiquinol-cytochrome c reductase binding protein;UQCRC1 = ubiquinol-cytochrome c reductase core protein I; COX5B = cytochrome c oxidase subunit Vb; COX7B = cytochrome c oxidase subunit VIIb; ATP5A1 = ATP synthase mitochondrial F1 complex alpha subunit 1; ATP5O = ATP synthase mitochondrial F1 complex O subunit.
was performed to synthesize biotin-labeled cRNA. The cRNA sample (750 ng) was hybridized to the BeadChip and stained with streptavidin-Cy3. The chips were dried and scanned using the BeadArray reader. Raw scanned data were subjected to logarithmic transformation (log 2 ratios of fluorescence intensities) and quantile normalization using the Avadis 4.3 software (Strand Life Sciences, San Francisco, Calif., USA). Statistical significance was calculated using Benjamini-Hochberg false discovery rate multiple-testing correction. Data visualization, clustering, differential analysis and three-dimensional principal component analysis (3D-PCA) were also performed with Avadis 4.3 software. The Panther classification system (http://www.pantherdb.org) and Ingenuity Pathway Analysis software (Ingenuity Systems, http://www. ingenuity.com) were used for gene ontology and pathway analysis.
All microarray data reported in this study are described in accordance with MIAME guidelines and have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) public repository. The data are accessible through the GEO accession number GSE24500.
Western Blot Analysis SH-SY5Y cells were treated with Thap, Tuni or ATZ for 24 h and then stimulated with and without insulin/IGF as indicated. Protein extracts (30 g) were prepared in PRO-PREP lysis buffer (10 m M HEPES, pH 7.9, 10 m M KCl, 2 m M MgCl 2 , 0.5 m M dithiothreitol, 1 m M phenylmethylsulfonyl fluoride, 5 g/ml aprotinin, 5 g/ml pepstatin A, 5 g/ml leupeptin, and 1% Triton X-100; iNtRON Biotech, Sungnam, Korea), resolved on 12% SDS-PAGE gels, and analyzed by Western blot and enhanced chemiluminescence (ECL, Amersham Bioscience, Piscataway, N.J., USA). Primary antibodies against pIRS-1(Y632), pIRS-1(S307), IRS-1, Akt1, pAkt(T308), pAkt(S473), AMPK, and pAMPK(T172) were purchased from Cell Signaling Technology (Beverly, Mass., USA). Anti-human TFAM antibody was generated in our laboratory as described previously [34] . Equivalent protein loading was verified by probing with anti-␤ -actin or ␣ -tubulin antibody (SigmaAldrich).
Statistical Analysis
Data shown represent the mean 8 SE. Statistical significance was evaluated using the Student's t test or one-way ANOVA. p ! 0.05 was considered significant.
Results

ER and Mitochondrial Stress-Induced Apoptosis in Human Neuroblastoma Cells
First, we measured the cell viability in SH-SY5Y cells treated for 24 h with Thap (1-2 g/ml), Tuni (1-2 g/ml), ATZ (50-100 g/ml), or DMSO alone (CTL) using the MTT and calcein assays. All three agents reduced active mitochondria-dependent trizolium precipitation nearly 50% in a dose-dependent manner (p ! 0.01 vs. CTL) ( fig. 1 a) . Moreover, cells incubated with Thap (1 g/ml), Tuni (2 g/ml), or ATZ (100 g/ml) showed a similar decrease in viable cells ( fig. 1 b) . To test whether the ER or mitochondria stressors induced apoptotic cell death, we performed DNA fragmentation and ELISA apoptotic cell death assays. DNA laddering and the level of histone-associated DNA fragments increased following treatment with each agent (p ! 0.01 vs. CTL; fig. 1 c, d ). These results suggest that Thap, Tuni, and ATZ treatment causes apoptosis in SH-SY5Y human neuroblastoma cells.
ER Stress Induces Mitochondrial Dysfunction
Next, we investigated whether Thap and Tuni treatment disrupts mitochondrial function by examining such mitochondrial characteristics as intracellular ATP content, membrane potential ( ⌬ m ), ROS production, and respiration. SH-SY5Y cells cultured in SFM containing 0.5% FBS were treated with DMSO alone (CTL), Thap (1 g/ml), Tuni (2 g/ml), or ATZ (100 g/ml) for 24 h. All three treatments reduced the intracellular ATP content and TMRE-stained mitochondrial membrane potential by 30-40% compared to the control sample ( fig. 2 b). Likewise, two markers of oxidative stress, DCF-DAstained ROS and carbonylated proteins, also increased ( fig. 2 c, d) . Moreover, the coupled and FCCP-uncoupled oxygen consumption rates decreased following treatment with these agents ( fig. 2 e) . Since the reductions in uncoupled respiration were greater than those of coupled respiration in the stress-induced cells, these agents may exhaust the maximum capacity (reservoir) of mitochondrial respiration, or OCR. This was demonstrated by measuring state 2 (-ADP) and state 3 (+ADP) OCR. When the basal, state 2 and state 3 OCRs were determined in permeabilized cells by sequential addition of pyruvate/malate substrates (state 2) and ADP (state 3), all three OCRs decreased in the stress-induced cells compared to the control sample ( fig. 2 f) . Furthermore, state 3 respiration in Thap-, Tuni-, and ATZ-treated cells did not increase with addition of ADP in the presence of the substrates, suggesting that the respiratory capacity of these cells was reduced significantly. Taken together, these results indicate that the ER-specific agents, Thap and Tuni, lead to ROS production by disrupting basic mitochondrial functions (ATP, ⌬ m , and OCR) similar to the mitochondrial stressor ATZ.
ATZ Did Not Affect ER Stress-Related Gene Expression
We also assessed whether ATZ could induce ER stress by comparing the expression of the ER stress markers GRP78 and sXBP-1 by semi-quantitative RT-PCR and Western blot in Thap-, Tuni-and ATZ-treated cells. Both Thap and Tuni induced GRP78 and sXBP-1 mRNA and protein expression. In contrast, ATZ did not enhance GRP78 and sXBP-1 expression ( fig. 3 a-c) , suggesting that ATZ does not induce ER stress-mediated UPR. To confirm whether other mitochondrial stresses induce GRP78 or sXBP-1 expression, we treated the cells with dideoxycytidine (ddC) or rotenone [32] . Similar to ATZ, these mitochondrial stressors did not induce GRP78 and sXBP-1 mRNA expression ( fig. 3 d) . 
Transcriptomes of Thap-/Tuni-Treated Cells Differ from Those of ATZ-Treated Cells
We performed high-density oligonucleotide microarray analyses (n = 3) to determine the changes in gene expression induced by either ER or mitochondrial stress in SH-SY5Y cells. Our data demonstrate that Thap, Tuni, and ATZ treatment upregulated 314, 501, and 1,372 genes, respectively, at least 1.5-fold (p ! 0.05). Moreover, treatment with Thap, Tuni, and ATZ led to the downregulation of 323, 509, and 1,306 genes, respectively, at least 1.5-fold (p ! 0.05; see online supplementary table S1 for list of genes; for all online supplementary material, see www. karger.com/doi/10.1159/000333069).
To compare the gene expression pattern induced by each agent, we performed hierarchical clustering analysis ( fig. 4 a) and 3D-PCA ( fig. 4 b) . Thap-and Tuni-treated cells exhibited similar gene expression patterns; however, these profiles differed markedly from that of ATZ-treated cells. Analysis of pathways using the Ingenuity System revealed that most of the genes associated with ER stress signaling pathways were upregulated by Thap and Tuni treatment, but downregulated following ATZ treatment ( fig. 4 c) . Conversely, most genes involved in mitochondrial metabolic pathways were downregulated by all three agents ( fig. 4 c) . Lists of the common genes regulated by the various treatments are presented in online supplementary table S2.
ER Stress Downregulated Mitochondria-Related Gene Expression
Next, we performed hierarchical clustering of the 483 mitochondria-associated genes that were up-or downregulated at least 1.2-fold (p ! 0.05; fig. 5 a; see online suppl. table S3 for list of genes). Among these, 38 and 11 genes were down-or upregulated, respectively, by all three treatments ( fig. 5 b, c) . The downregulated genes included the nuclear DNA (nDNA)-encoded OXPHOS subunits nicotinamide adenine dinucleotide (NADH) dehydro genase-1-beta subcomplex 8 (NDUFB8), NADH dehydrogenase-1-alpha subcomplex subunit 6 (NDUFA6), NDUFA11, NDUFA4, NDUFS5, ubiquinolcytochrome c reductase-binding protein (UQCRB), cy- Color version available online tochrome c oxidase subunit VIc (COX6C), COX7B, ATP synthase F 0 complex subunit 9 (ATP5G1), and ATP5J2. Expression of genes involved in fatty acid metabolism and mitochondrial OXPHOS, which may compensate for mitochondrial damage, were upregulated by the agents. Some mitochondria-related genes induced by ER stress exhibited an opposite expression pattern in response to ATZ treatment ( fig. 5 d) . On the contrary, expression of only 15 genes associated with the ER stress pathway was altered in an opposing manner by the agents (p ! 0.05). For instance, Thap and Tuni treatment augmented ATF4, GRP78, and XBP-1 mRNA levels while ATZ reduced them ( fig. 5 e) . This opposing regulation is consistent with the data presented in figure 3 , suggesting that ER stress represses the expression of genes involved in mitochondrial function, thereby leading to mitochondrial dysfunction similar to that induced by mitochondrial stress. Furthermore, our data demonstrate that markers of ER stress are not induced by mitochondrial stress.
ER Stress Downregulated the mtDNA-Encoded 13 OXPHOS Subunits
Because the mtDNA-encoded 13 subunits of OXPHOS complexes were not included on the human Illumina bead chip, we analyzed these transcripts by semiquantitative RT-PCR. This experiment revealed that the expression of all 13 mtDNA-encoded OXPHOS subunits was decreased Thap  Tuni  ATZ  CTL  Thap  Tuni  ATZ  CTL  Thap  Tuni  ATZ  CTL  Thap  Tuni  ATZ  CTL   Thap  Tuni  ATZ  CTL   RAF1  CYB5-M  COX6C  UQCRB  ACAD9  UNG  NDUFB8  ATP5G1  NME4  UQCRH  BPHL  DUT  NDUFS5  ATP5J2  ENDOG  GRPEL 1  LETM1  MRPL23  COX7B  NDUFA11  NDUFA4  NDUFA13  SLC25A11  COQ3  YARS2  GCDH  HSPE1  LARS2  AK3L1  BNIP3  U1CR  HSPA1B  MRPL13  PHB  MRPS28  SLC25A13  CYCS  BID  SLC25A10   FDXR  PCK2  ACADVL  ALDH6A1  CABC1  ACBD3  HSC20  MTFR1  MCEE  MIMITIN  AUH   ATF4  ATF6  CASP12  CASP3  CASP7  CASP9  DNAJC3  EIF2A  EIF2AK3  ERN1  HSPA5(GRP78)  MAP3K5  MAPK8  MBTPS1  MBTPS2  TAOK3  TRAF2  XBP-1   MRPL12  NDUFAF1  SLC25A1  PPP2R1A  CGI-69  NDUFA12  UCP2  PDK3  DNAJAS  MRRF  HSPA9B  LIAS  MTHFD2 COX11 MRPL1 up to approximately 90% by ATZ while treatment with Thap or Tuni resulted in a 20-40% reduction ( fig. 6 ).
Variable Effects of ER Stress on nDNA-Encoded OXPHOS Subunits and Mitochondrial Biogenesis Factors
Pathway analysis using Ingenuity System showed that the expression of most OXPHOS complex subunits was decreased by all three treatments (online suppl. fig. S1 ). To validate these results, we performed semiquantitative RT-PCR for two nDNA-encoded genes per OXPHOS complex ( fig. 7 ) . Our data revealed the decrease in NDUFA6, SDHC, UQCRC1, and COX7B expression, as well as the increase in NDUFB9 and SDHA mRNA. The remaining OXPHOS subunits, COX5B, ATP5A1 and ATP5O, were not altered significantly. Among the mitochondrial biogenesis-related genes, Thap and Tuni reduced the transcripts of mitochondrial transcription factor A (TFAM), nuclear respiratory factor 1 (NRF-1), uncoupling protein 2 (UCP2), somatic cytochrome c (CYCS), manganese superoxide dismutase (SOD2, MnSOD), sirtuin 3 (SIRT3), and phosphoenolpyruvate carboxykinase 2 (PCK2). Here, the changes in SOD2, SIRT3, and PCK2 were not consistent with the results of microarray. In addition, ATZ suppressed the expression of all mitochondrial biogenesis-related genes tested, including peroxisome proliferator-activated receptor-␥ (PPAR ␥ ) coactivator-1 ␣ (PPRC1, PGC-1 ␣ ) and SIRT1, except PCK2 and UCP2. We noted the complete suppression of CYCS and SOD2 by semiquantitative RT-PCR, suggesting that they may serve as critical markers or denominators of ER and mitochondrial stress.
We constructed a heat map to summarize the quantitative changes in mitochondrial activity and validated gene expression ( fig. 8 ) . The heat map clearly demonstrates that treatment with Thap, Tuni, and ATZ decreased mitochondrial activity as well as the expression of mtDNA-encoded OXPHOS subunits, most nDNA-encoded OXPHOS subunits, and the mitochondrial control system. As expected, all treatments increased ROS production. Interestingly, some nDNA-encoded OXPHOS subunits, such as NDUFB9 and SDHA, were regulated in an opposing manner by Thap, Tuni or ATZ.
ER Stress Impairs the Insulin Signaling Pathway
Mitochondrial dysfunction has been implicated as a central cause of insulin resistance [35] [36] [37] . Thus, to test whether ER stress-induced mitochondrial dysfunction caused insulin resistance in SH-SY5Y cells, we analyzed the phosphorylation states of IRS-1 and Akt1, which are key molecules for insulin signaling. In the Thap-, Tuniand ATZ-treated cells, pIRS-1 (S307) was increased, whereas pIRS-1 (Y632) was decreased ( fig. 9 a) . It must be noted that treatment with Thap and Tuni, but not ATZ, decreases total IRS-1 protein. Basal Akt phosphorylation at S473, but not at T308, was markedly reduced by the agents, indicating that Thap, Tuni, and ATZ cause defects in IRS-1 and Akt phosphorylation, possibly leading to insulin resistance in neuronal cells. To confirm if the agenttreated cells are resistant to insulin stimulation, we stimulated the Thap-, Tuni-, and ATZ-treated cells with 100 n M insulin for 30 min and the levels of pIRS and pAkt were determined. As shown in figure 9 b, insulin stimulation did not phosphorylate IRS at both Y632 and S307 in the treated cells. Similarly, insulin failed to phosphorylate Akt at S473 in ATZ-treated cells, while it failed to phosphorylate Akt at T308 in Thap-and Tuni-treated cells. The ratios of pAkt/Akt were determined after quantification of the band intensities ( fig. 9 c, n = 3). It is not yet clear why the stresses affected Akt phosphorylations at different sites. Our proposed model of interactions between the two stresses, mitochondria, and the insulin signaling cascade is diagrammed in figure 9 d.
Ectopic Overexpression of TFAM or NRF-1 Ameliorates ER Stress-Induced Impairment of Mitochondria and Akt Phosphorylation
We have reported that mitochondrial dysfunction decreases the level of phosphorylated Akt(S473) in vascular smooth muscle cells [32] . To verify whether mitochondrial damage is involved in the ER stress-mediated reduction of phosphorylated Akt(S473), we transiently transfected SH-SY5Y cells with plasmids expressing TFAM or NRF-1 and then treated the cells with Thap. Both of these proteins have been reported to enhance mitochondrial biogenesis and regulate mitochondrial functions [32, 38] . As shown in figure 10 , overexpression of either NRF-1 or TFAM partially restored most facets of mitochondrial function tested, including complex I activity ( fig. 10 a) , ATP content ( fig. 10 b) , and ROS generation ( fig. 10 d) , except mitochondrial membrane potential ( fig. 10 c) , back to normal levels. Moreover, the level of phosphorylated Akt(S473), ND9 in complex 1, and tyrosine hydroxylase (TH), a functional marker for dopaminergic neuronal cells, also recovered ( fig. 10 e) . However, PGC-1 ␣ , another mitochondrial biogenesis control factor, was not altered by NRF-1 or TFAM overexpression during Thap treatment.
Discussion
Aging and many neurodegenerative diseases have been associated with ER stress and mitochondrial dysfunction. The ER and mitochondria communicate with each other by releasing factors such as calcium or ROS. Although mitochondrial dysfunction is generally accepted as a cause of insulin resistance in peripheral tissues, it is not clearly understood whether ER or mitochondrial stress is directly involved in the degeneration of neuronal cells [39] . In the present study, we demonstrated that both Thap-and Tuniinduced ER stress impaired the insulin signaling pathway and mitochondria in SH-SY5Y human neuroblastoma cells. Similarly, an inducer of mitochondrial stress, namely ATZ, also blocked mitochondrial function and insulin signaling. In particular, Thap and Tuni treatments impaired various aspects of mitochondrial function from physiology to gene expression, while ATZ did not significantly alter the expression of ER stress marker genes. Microarray analysis confirmed the relationship between the ER and mitochondrial stress in neuronal cells: although disruption of the ER induces mitochondrial stress, mitochondrial dysfunction does not lead to ER stress.
Cell culture studies using inducers of ER stress are relatively well established. Thap or Tuni treatment disrupts ER function effectively and induces neuronal cell apoptosis [40] ; however, pharmacological induction of mitochondrial toxicity has not been as clearly defined. Rotenone, 6-hydroxydopamine (6-OHDA), and 1-methyl-4-phenylpyridinium (MPP+), which inhibit mitochondrial OXPHOS complex 1, are useful to construct PD models [41] . Since these agents also induced ER stress and unfolded protein response (UPR) in neuronal PC12 cells [42] , we expected that another mitochondrial toxin, ATZ, would induce ER stress along with mitochondrial damage in SH-SY5Y cells. We have previously demonstrated that ATZ represses mitochondrial OXPHOS by inhibiting Coenzyme Q and induces insulin resistance in vivo and in vitro [28] . However, in SH-SY5Y cells, mitochondrial toxins such as ATZ, rotenone, and ddC did not markedly enhance the expression of GRP78 and spliced XBP-1, two ER stress markers ( fig. 3 ) to ER or mitochondrial disruption despite inducing ER stress markers, research indicates. For example, the highfat diet as a metabolic inflammatory mediator disrupted ER functions in the liver, skeletal muscle [43] , adipocytes [9] , and hypothalamus [44] . It also induced serine phosphorylation of IRS-1 by activating c-Jun N-terminal kinase-1, consequently resulting in hepatic insulin resistance [9] . On the contrary, in pancreatic beta cells and skeletal muscle, stress induced by the same high-fat diet failed to impair insulin secretion and ER function despite activation of ER stress markers [45] . However, mitochondrial damage and blockage of insulin signaling were often observed in stressed tissues, indicating that mitochondrial dysfunction is the primary cause of pathogenesis. The ER delivers dysfunctional signals to adjacent organelles, activates defense mechanisms, and restores cellular functions. ER stress induces many chaperone proteins and transcription factors, including GRP78, ATF6, and XBP-1, which play roles in repairing protein unfold- 9 . Impairment of insulin signaling by both ER and mitochondrial stress. a SH-SY5Y cells cultured in serum-free media were incubated with DMSO alone (CTL), Thap (1 g/ml), Tuni (2 g/ ml), or ATZ (100 g/ml) for 24 h, harvested, and then analyzed by Western blot using antibodies against the indicated proteins involved in insulin signaling. b SH-SY5Y cells in low-glucose DMEM containing 0.5% FBS were incubated with DMSO vehicle (CTL), Thap (1 g/ml), Tuni (2 g/ml), or ATZ (100 g/ml) for 24 h, and treated with or without insulin (100 n M for 30 min), then harvested and analyzed by Western blot. c The levels of Akt phosphorylation at S473 or T308 were quantified by densitometry (n = 3, * p ! 0.05 vs. DMSO). d Schematic model showing the interactions between mitochondria and the insulin signaling pathway.
ing and increase the expression of chaperone proteins. But it is controversial whether such ER stress-induced factors protect cell viability. Deletion of the GRP78 gene protected against apoptosis in a neurotoxin-induced PD model, suggesting that this chaperone may mediate neuronal death [46] . However, XBP-1-deficient mice were more resistant to the amyotrophic lateral sclerosis neurodegenerative disease, which is inconsistent with the severity of the disease [47] . In Caenorhabditis elegans , IRE-1 and XBP-1 are involved in prolonging life span and enhancing resistance to ER stress by interacting with DAF-16, a forkhead box O (FOXO) transcription factor, in the insulin signaling pathway [48] . While ER stress-induced factors are involved in cellular viability, ROS accumulation is considered a major cause of apoptosis or cytotoxicity in most neurodegenerative diseases, implying that ER stress-induced blockage of mitochondrial electron transfer may contribute to enhance the production of ROS. It is not clear yet, however, why dopaminergic neuronal cells are especially vulnerable to mitochondrial toxins and why neuronal cells respond differently to others.
Our data contradict a few studies that report mitochondrial stressors that induce the ER stress. In adipocytes and myocytes, 6 h treatment with mitochondrial stressors such as indinavir, chloramphenicol, CCCP, and oligomycin induced ATF3, thereby causing a reduction in adiponectin expression [45, 49] . We noted that these chemicals increased NRF-1, as well as p-eIF2 ␣ and spliced XBP-1. The observed transient increase in NRF-1 may enhance mitochondrial biogenesis to compensate for mitochondrial damages. Also, mitochondrial stress-induced ER dysfunction would exacerbate the disease but still play a minor role in pathogenesis.
We have also shown previously that mitochondrial toxins, including ATZ, block the insulin-signaling pathway at the level of IRS-1 or Akt [32] . Similarly, Thap or Tuni treatment suppressed phosphorylation of IRS-1 and Akt(S473). Neither ER stress nor ATZ affected threonine phosphorylation of Akt at position 308, suggesting that the PI3K-, not PDK-, dependent pathway, may be repressed by these pharmacological agents. Furthermore, NRF-1 and TFAM overexpression restored mitochondrial function, insulin signaling, and TH expression in neuronal cells ( fig. 10 ) . A similar recovery in adiponectin transcription was also reported in adipocytes [49] . Collectively, our results suggest that mitochondrial repression is the central cause of neuronal cell degeneration and thus is a good candidate as a therapeutic target.
In summary, we demonstrate that both ER and mitochondrial inhibitors induce neuronal cell death via overlapping dysfunction in mitochondria, but that ER dysfunction was rarely induced by mitochondrial inhibitors. Furthermore, both ER and mitochondrial stresses disrupt the insulin signaling pathway by reducing IRS-1 and Akt phosphorylation. Our data suggest that ER stress impairs insulin signaling through mitochondrial dysfunction in neuronal cells and re-activation of mitochondrial functions may be a good therapeutic strategy for overcoming neurodegeneration. These results provide a better understanding of the pathogenesis of neurodegenerative diseases and assist in developing new treatments.
